Epigenetic modification, specifically DNA methylation, is one possible mechanism for 15 intergenerational plasticity. Before inheritance of methylation patterns can be characterized, we 16 need a better understanding of how environmental change modifies the parental epigenome. To 17 examine the influence of experimental ocean acidification on eastern oyster (Crassostrea 18 virginica) gonad tissue, oysters were cultured in the laboratory under control (491 ± 49 µatm) or 19
As increased anthropogenic carbon dioxide is expected to create adverse conditions for 38 calcifying organisms (IPCC 2019), efforts have been made to understand how ocean 39 acidification impacts ecologically and economically important organisms like bivalves (Parker et 40 al., 2013; Ekstrom et al., 2015) . Bivalve species are sensitive to reduced aragonite saturation 41 associated with ocean acidification, with larvae being particularly vulnerable (Barton et al., 2012; 42 Waldbusser et al., 2014) . Shell structure may be compromised in larvae, juveniles, and adults 43 (Gazeau et al., 2007; Kurihara et al., 2007; Beniash et al., 2010; Ries, 2011) . Aside from 44 affecting calcification and shell growth, ocean acidification can impact protein synthesis, energy 45 production, metabolism, antioxidant responses, and reproduction (Tomanek et al., 2011; 46 Timmins Additionally, adult exposure to ocean acidification may impact their larvae (reviewed in (Ross et 50 al., 2016; Byrne et al., 2019) . For example, adult Manila clams (Ruditapes philippinarum) and 51 mussels (Musculista senhousia) reproductively conditioned in high pCO2 waters yield offspring 52 that exhibit significantly faster development or lower oxidative stress protein activity in those 53 same conditions (Zhao et al., 2018 (Zhao et al., , 2019 . In contrast, northern quahog (hard clam; Mercenaria 54 mercenaria) and bay scallop (Argopecten irradians) larvae may be more vulnerable to ocean 55 acidification and additional stressors when parents are reproductively conditioned in high pCO2 56
waters (Griffith and Gobler, 2017) . Some species exhibit both positive and negative carryover 57 effects (ex. Saccostrea glomerata; (Parker et al., 2012 (Parker et al., , 2017 . Intergenerational effects have 58 also been documented when adult exposure to ocean acidification does not coincide with 59 reproductive maturity (e.g. Crassostrea gigas; (Venkataraman et al., 2019) ). Although 60 intergenerational carryover effects are now at the forefront of ocean acidification research in 61 bivalve species, the mechanisms responsible for these effects are still unclear. 62 63
Epigenetics is the next frontier for understanding how environmental memory may modulate 64 phenotypic plasticity across generations (Eirin-Lopez and Putnam, 2018) . Epigenetics refers to 65 changes in gene expression that do not arise from changes in the DNA sequence, with 66 methylation of cytosine bases being the most studied mechanism (Bird, 2002; Deans and 67 Maggert, 2015). Unlike highly methylated vertebrate genomes, marine invertebrate taxa have 68 sparse methylation throughout their genomes, similar to a mosaic pattern (Suzuki and Bird, 69 2008) . Genes that benefit from stable transcription, such as housekeeping genes, tend to be 70 more methylated, while environmental response genes that are less methylated are prone to 71 more spurious transcription and alternative splicing patterns, thereby possibly increasing 72 phenotypic plasticity (Roberts and Gavery, 2012; Dimond and Roberts, 2016; Gatzmann et al., 73 2018) . Increased levels of DNA methylation can also correlate with increased transcription. 74
Several base pair resolution studies in C. gigas demonstrate a positive association between 75
DNA methylation and gene expression that is consistent across cell types (Roberts and Gavery, 76 2012; Gavery and Roberts, 2013; Olson and Roberts, 2014) . Since DNA methylation could 77 provide a direct link between environmental conditions and phenotypic plasticity via influencing 78 gene activity, elucidating how invertebrate methylomes respond to abiotic factors is crucial for 79 understanding potential acclimatization mechanisms (Bossdorf et al., 2008; Hofmann, 2017) . 80  81  While bivalve species have been used as model organisms to characterize marine invertebrate  82 methylomes, how ocean acidification affects bivalve DNA methylation is poorly understood. 83
Methylation responses to ocean acidification have been studied in multiple coral species. When 84 placed in low pH conditions (7.6-7.35), Montipora capitata did not demonstrate any differences 85 in calcification, metabolic profiles, or DNA methylation in comparison to clonal fragments in 86 ambient pH (7.9-7.65) (Putnam et al., 2016) . DNA methylation increased in another coral 87 species, Pocillopora damicornis, in addition to reduced in calcification and more differences in 88 metabolic profiles (Putnam et al., 2016) . The coral Stylophora pistillata also demonstrates 89 increased global methylation as pH decreases (pHtreatment = 7.2, 7.4, 7.8; pHcontrol = 8.0), with 90 methylation reducing spurious transcription (Liew et al., 2018b) . Combined whole genome 91 bisulfite sequencing and RNA sequencing revealed differential methylation and expression of 92 growth and stress response pathways controlled differences in cell and polyp size between 93 treatments (Liew et al., 2018b) . The association between DNA methylation and phenotypic 94 differences in these corals demonstrates that epigenetic regulation of genes is potentially 95 important for acclimatization and adaptation to environmental perturbation. Recent examination 96 of C. virginica methylation patterns in response to a natural salinity gradient suggests that 97 differential methylation may modulate environmental response in this species (Johnson and  98 Kelly, 2019). 99 100
There is evidence that suggests that methylation patterns can be inherited in marine 101
invertebrates. For example, purple sea urchin (Strongylocentrotus purpuratus) offspring have 102 methylomes that reflect maternal rearing conditions (Strader et al., 2019) . Different parental 103 temperature and salinity regimes influence larval methylomes in Platygyra daedalea (Liew et al., 104 2018a). In the Pacific oyster (C. gigas), parental exposure to pesticides influence DNA 105 methylation in spat, even though the spat were not exposed to these conditions (Rondon et al., 106 2017) . Methylation changes in gametes are likely the ones that could be inherited, and may play 107 a role in carryover effects. Before determining if DNA methylation is a viable mechanism for 108 altering the phenotypes of offspring or subsequent generations, the epigenome of bivalve 109 reproductive tissue in response to ocean acidification must be characterized. 110 111
The present study is the first to determine if ocean acidification induces differential methylation 112 in reproductive tissue in the eastern oyster (Crassostrea virginica). Adult C. virginica were 113 exposed to control or elevated pCO2 conditions. We hypothesize that ocean acidification will 114 induce differential methylation in C. virginica gonad tissue, and that genes with differentially 115 methylated loci will have biological functions that could allow for acclimatization to 116 environmental perturbation. proportional to the target pCO2 conditions. Gas flow rates were maintained with Aalborg digital 139 solenoid-valve-controlled mass flow controllers (Model GFC17, precision = 0.1mL/min). Within 140 a treatment, tanks were replenished with fresh seawater and each tank was independently 141 bubbled with its own mixed gas stream, with partial recirculation and filtration with other tanks in 142 the treatment. As a result, the carbonate chemistry (i.e., the independent variable by which the 143 treatments were differentiated) of the replicate tanks were slightly different from each other, 144
which is evidence of their technical independence. 
Global Methylation Characterization

187
Sequences were trimmed with 10 bp removed from both the 5' and 3' ends using TrimGalore! 188 v.0.4.5 (Martin, 2011 Figure 1A) . 309
Median values for global percent methylation and sample methylation varied across genome 310 features ( Figure 1B-G) . Based on these parameters and data, we calculated that 22% of all 311
CpGs in the gonads (2.7% of total cytosines) had methylation levels greater than 50%. Loci 312 methylation was characterized in relation to putative promoters, UTR, exons, introns, 313 transposable elements, and intergenic regions ( Figure 2 ). Methylated CpGs were found 314 primarily in genic regions, with 2,521,653 loci (79.2%) in 25,496 genes. We rejected the null 315 hypothesis that CpG methylation status was independent of genomic location, as the proportion 316 of methylated CpG loci was different than expected in putative promoters, UTR, exons, introns, 317 transposable elements, and intergenic regions (Contingency test; χ2 = 1,311,600, df = 6, P-318 value < 2.2e-16; Figure 2 ). There was a larger proportion of methylated loci found in exons 319 compared to all CpGs in the genome (Figure 2) . Methylated loci were also found in introns (with 320 1,448,786 loci (47.3% of methylated loci) versus 1,013,691 CpGs (31.9%) in exons), although 321 this was not higher than expected based on the distribution of all CpGs. 
Differential Methylation Analysis
352
A total of 598 CpG loci were differentially methylated between oysters exposed to control or 353 high pCO2, with 51.8% hypermethylated and 48.2% hypomethylated between treatments 354 (Figure 3; Venkataraman 2020 ). When considering a PCA using methylation status of all CpG 355 loci with 5x coverage across all samples, the first two principal components explained 29.8% of 356 sample variation ( Figure 4A ). The first two principal components in a PCA with only differentially 357 methylated loci (DML) explained 57.1% of the variation among treatments ( Figure 4B ). These 358 DML were distributed throughout the C. virginica genome ( Figure 5 ). The fifth chromosome had 359 the most DML normalized by number of CpGs in the chromosome, and had the most genes; 360 however, this was not the largest chromosome ( Figure 5A ). 361 362
Examination of DML within genes revealed that some genes contained multiple DML ( Figure  363 5B-C). Of the 481 genes with DML, the majority only contained one DML ( Figure 5B ). There 364 were 48 genes with 2 DML, 16 genes with 3 DML, 6 genes with 4 DML and 1 gene with 5 DML 365 ( Figure 5B ). When multiple DML were found within a gene, they could be methylated in either 366 the same or opposite directions ( Figure 5C ) CpG dinucleotide with at least a 50% methylation change between treatment and control 374 groups, and a q-value < 0.01 based on correction for false discovery rate with the SLIM method. 375
The density of DML at each percent methylation value is represented in the heatmap legend. was higher in exons than expected for MBD-enriched CpG loci with minimum 5x coverage 406 across all samples (Contingency test; χ2 = 401.09, df = 6, P-value < 2.2e-16; Figure 6 ). Of the 407 598 DML, 310 were hypermethylated and 288 were hypomethylated in the high pCO2 treatment. 408
The number of hyper-and hypomethylated DML was almost evenly split within each genomic 409 feature, with the exception of putative promoter regions that had 44 hypermethylated DML 410 versus 23 hypomethylated DML. Within a gene, DML did not appear to be concentrated in one 411 particular region. The distribution of hyper-and hypomethylated DML along a gene do not differ 412 from each other (Figure 7) . 
421
The DML were found in genes responsible for various biological processes. However, no gene 422 ontology categories were significantly represented (Figure 8) . The majority of genes with DML 423
were involved in protein ubiquitination processes. These genes were not consistently hyper-or 424 hypomethylated. Certain biomineralization genes did contain DML. The gene coding for 425 calmodulin-regulated spectrin-associated protein contained three hypomethylated and one 426 hypermethylated DML. Genes coding for EF-hand protein with calcium-binding domain, The present study is a general description of DNA methylation in C. virginica, and is one of the 445 first to examine epigenetic responses to ocean acidification in the gonad tissue of a mollusc 446 species. Five hundred ninety-eight differentially methylated loci (DML) were identified in 447 response to the elevated pCO2 treatments, most of which were in exons. Not only was DNA 448 methylation of C. virginica altered in response to ocean acidification, but changes in gonad 449 methylation indicates potential for these methylation patterns to be inherited by offspring. 450 451
Understanding how environmental stressors influence the epigenome is crucial when 452 considering potential acclimatization mechanisms in marine invertebrates. Our finding that high 453 pCO2 impacts C. virginica DNA methylation adds to a growing body of work about ocean 454 acidification's impact on marine invertebrate methylomes. The coral species P. damicornis 455 demonstrated an overall increase in DNA methylation when exposed to low pH conditions (7.3 -456 7.6) for six weeks, potentially influencing biomineralization (Putnam et al., 2016) . Another coral 457 species, S. pistillata, also demonstrated an increase in genome-wide DNA methylation when 458 exposed to low pH conditions for two years. Changes in the methylome also modified gene 459 expression and altered pathways involved in cell cycle regulation (Liew et al., 2018b) . The 460 present study on an oyster, however, did not observe the overall genome-wide increase in 461 methylation that was reported for corals. Instead, we found subtle, but significant, increases or 462 decreases in percent methylation at several hundred individual CpGs distributed across the 463 genome. As C. virginica and coral species are adapted to different environments and ecological 464 niches, it is possible that species-specific differences in methylation responses contribute to the 465 observed methylation pattern. 466 467
The Although DML were found across various genome features, they were mostly in exons and 500
introns. This is consistent with a recent study of C. virginica gill tissue found differentially 501 methylated regions in response to a salinity gradient were primarily in genic regions ((Johnson  502 and Kelly, 2019). Interestingly, DML were not found consistently in one particular region of a 503 gene. Similarly, methylated positions in genic regions were evenly distributed after the coral S. 504 pistillata was exposed to low pH (Liew et al., 2018b) . Examination of another coral, P. daedalea, 505
in different temperature and salinity conditions found more frequent methylation at 5' and 3' 506 ends of genes (Liew et al., 2018a ). We also found several genes with multiple DML. These DML 507
were not consistently hyper-or hypomethylated in the same gene. As hyper-and 508 hypomethylation may result in different transcriptional outcomes, future work should examine 509 the role of multiple DML on alternative splicing and gene expression. 510 511
The concentration of DML in gene bodies suggests a role for DNA methylation in gene 512 expression and regulation. A majority of genes with DML were involved in protein ubiquitination. 513
Protein ubiquitination is a post-translational protein modification that is involved in protein 514 synthesis and degradation (Peng et al., 2003; Komander, 2009 ). Previous studies in which 515 oysters were exposed to experimental ocean acidification conditions have demonstrated 516 changes in this pathway. For example, shotgun proteomic characterization of posterior gill 517 lamellae from adult C. gigas exposed to high pCO2 revealed increased abundance of proteins 518 involved in ubiquitination and decreased protein degradation (Timmins-Schiffman et al., 2014). 519
Elevated pCO2 levels were also found to upregulate malate dehydrogenase in adult C. virginica 520 mantle tissue (Tomanek et al., 2011) . Several genes involved in protein ubiquitination, including 521 those for malate dehydrogenase, ubiquitin-protein ligase, RNA polymerase-associated protein, 522
and DNA damage-binding protein, were significantly hypermethylated in gonad tissue exposed 523 to elevated pCO2. Hypermethylation of these genes may decrease transcriptional opportunities, 524 thus indicating a critical role in the response to ocean acidification. 525 526
Four genes involved in biomineralization contained DML, suggesting these genes can be 527 epigenetically regulated. Upregulation of calcium-binding gene expression has been previously 528 documented in C. virginica (Richards et al., 2018 is some evidence to suggest that C. virginica larvae may be more resilient to high pCO2 538
conditions than M. mercenaria or A. irradians (Gobler and Talmage, 2014) . Differential 539 methylation of biomineralization genes in C. virginica reproductive tissue could be a mechanism 540
to explain when parental experience impacts larval calcification if in fact these DML are 541
inherited. 542 543
Although our work documents significant changes to DNA methylation in reproductive tissue 544 after high pCO2 exposure, this finding may be confounded by secondary effects of gonad 545 maturation. Specimens collected were from mixed populations, and sampled tissue contained 546 both mature and immature gametes. Reproductive tissue likely contained both gametic and 547 somatic cell types. Sex-specific effects have also been documented in response to ocean 548 acidification in mollusc species (Parker et al., 2018; Venkataraman et al., 2019) . Lack of a 549
reproductive phenotype precludes any interpretation of how maturation stage or sex can 550
influence changes DNA methylation, as previous work in C. gigas demonstrates these factors 551 as significant influences on baseline methylation patterns (Zhang et al., 2018) . Nevertheless, 552 differential methylation in stress response and biomineralization genes suggests that our study 553 does record epigenetic responses to ocean acidification. Future work should pair methylation 554 data with reproductive phenotypes to provide additional information on sex-or stage-specific 555 epigenetic responses to ocean acidification. 556
Conclusion 557 558
Our study found that C. virginica demonstrates a significant epigenetic response to elevated 559 pCO2 exposure, with 598 DML identified. The concentration of these DML in gene bodies 560
suggests that methylation may be important for transcriptional control in response to 561 environmental stressors. As ocean acidification induced differential methylation in C. virginica 562 gonad tissue, there is a potential for intergenerational epigenetic inheritance, which could 563 control the gene activity of processes such as biomineralization. As carryover effects can persist 564 even when stressors are long-removed ( (Venkataraman et al., 2019) ), understanding the 565 mechanisms involved in intergenerational acclimatization is crucial. Future work should focus on 566 methylation patterns in adult C. virginica fully-formed gametes and larvae exposed to various 567 pCO2 conditions to determine to what degree a difference in methylation influences gene activity 568 and how this might influence phenotypic plasticity .  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583 Acknowledgements 584 This project was funded by National Science Foundation Biological Oceanography award 585 1635423 to KEL, JR, and SBR, and a Hall Conservation Genetics Research Award to YRV. This 586 work was facilitated through the use of advanced computational, storage, and networking 587 infrastructure provided by the Hyak supercomputer system at the University of Washington. We 588 also thank Mackenzie Gavery and our two reviewers for their insightful feedback on the 589 manuscript. 590
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Raw sequence data is available at the NCBI Sequence Read Archive under BioProject 593 accession number PRJNA513384, with associated metadata and information also available at 594
Woods Hole Open Access Server: https://hdl.handle.net/1912/25138 595 596
Associated information for all analyses and supplemental material can be found in the Github 597 repository which is available in an archival format (Venkataraman 2020; 598 https://doi.org/10.6084/m9.figshare.11923479) 599 600 601 602
